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Abstract _ _ _ _ 

We  made  a  comparative  investigation  of  a  polymer  electrolyte 
membrane  fuel  cell  (PEMFC)  with  a  single  cell  and  a  30-cell  stack. 
Various  types  of  Nafion  membranes,  such  as  Nafion  102,  112,  115,  and 
117,  and  105,  were  tested  as  electrolytes  with  the  single  cell  at 
different  temperatures.  Nafion  112  gave  us  the  optimal  result.  We 
evaluated  the  30-cell  stack  at  different  temperatures  and  humidity 
levels.  The  potential-current  and  power-current  curves  for  both  the 
single  cell  and  the  stack  were  analyzed  by  computer  simulation, 
during  which  the  kinetic  and  mass-transfer  parameters  were 
calculated.  We  also  measured  the  performance  of  the  stack  and  its 
water  production  during  long-term  operation. 
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1.  Introduction 


Because  of  its  light  weight  and  high-energy,  high-power,  nonemissive, 
and  low-temperature  operation,  the  polymer  electrolyte  membrane  fuel 
cell  (PEMFC)  has  received  much  attention  in  recent  years  [1-10].  The 
research  and  development  of  materials,  catalysts,  and  electrode  compo¬ 
nents  for  the  single-cell  PEMFC  has  seen  significant  progress  during  the 
past  several  decades.  To  meet  the  requirements  for  practical  applications, 
a  large  number  of  single  cells,  known  as  a  PEMFC  stack,  are  assembled 
together.  Recently,  many  PEMFC  stacks  of  a  variety  of  types  and  func¬ 
tions  have  been  developed  [11-14].  The  performance  of  a  PEMFC  stack  is 
different  from  that  of  a  single  PEMFC.  The  PEMFC  stack  has  a  much 
higher  operating  voltage  and  is  more  powerful  and  energy  efficient.  In 
this  report,  we  explore  differences  in  the  electrochemical  performance 
between  PEMFC  stacks  and  single  cells,  and  attempt  to  accelerate  the 
practical  military  and  civilian  applications  of  PEMFC  stacks  as  portable 
power  sources.  For  the  single  cell,  we  emphasize  the  important  role  of 
different  Nafion  membranes  in  the  construction  of  the  membrane  elec¬ 
trode  assembly  (MEA)  of  PEMFCs.  For  the  stack,  we  evaluate  the 
performance  of  a  100-W  PEMFC  stack  that  consists  of  30  cells,  with  an 
emphasis  on  kinetic  and  mass-transfer  electrode  processes. 

2.  Experimental 

2.1  PEMFC  Stack 

The  subject  of  our  experiment  was  a  self-humidifying  100-W  PEMFC 
stack  made  up  of  30  cells  connected  in  a  series.  The  area  of  each  electrode 
was  approximately  60  cm2,  and  the  open-circuit  voltage  was  approxi¬ 
mately  30  V.  We  supplied  air  to  the  cathode  by  an  electric  fan,  and  used 
another  electric  fan  for  cooling  the  stack.  A  self-humidifying  function  was 
obtained  by  the  blowing  of  air  through  a  small  chamber  where  water  was 
collected  from  the  stack's  cathodes.  Fligh-purity  hydrogen  (99.99%)  was 
used.  The  environmental  temperature  and  humidity  of  the  stack  were 
controlled  with  a  Tenney  environment  chamber  (model  BTRC)  (which 
was  programmed  through  a  computer  with  Linktenn  II  software)  and  a 
Heatless  dryer  (model  HF  200A).  An  Arbin  battery  tester  (model  BT-2043) 
was  used  for  computer-controlled  experiments  for  the  PEMFC  stack  test. 
To  get  reproducible  results,  we  carried  out  all  the  varying  temperature 
experiments  within  the  Tenney  environment  chamber  for  the  PEMFC 
stack  after  constant  temperature  and  humidity  had  been  maintained  for 
more  than  6  hr. 
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2.2  PEMFC  Single  Cell 

Various  Nafion  membranes  (numbered  105, 112, 115,  and  117)  were 
obtained  from  the  DuPont  Chemical  Company.  We  soaked  them  in  an 
H202/H20  solution  at  about  80  °C  for  2  hr.  After  the  Nafion  membranes 
became  transparent,  we  washed  them  with  distilled  water.  We  then 
soaked  and  boiled  them  in  a  1-M  H2S04  solution  for  2  hr,  and  rinsed  them 
in  water  to  remove  excess  H2S04.  The  membranes  were  then  stored  in 
distilled  water  until  we  were  ready  to  use  them.  The  commercially  avail¬ 
able  electrocatalyst,  20%  platinum  on  Vulcan  XC-72  carbon  (from  E-Tek), 
was  suspended  in  an  aqueous  Nafion  solution.  The  mixture  was  then 
sonicated  in  an  ultrasonic  bath.  The  final  electrocatalyst-Nafion  mixture 
was  sprayed  onto  Tory  carbon  paper.  The  amounts  of  Pt  and  Nafion  on 
the  electrode  were  about  0.4  and  0.5  mg /cm2,  respectively.  The  ME  A,  a 
key  component  of  the  PEMFC  system,  is  a  proton-conducting  membrane 
such  as  Nafion,  laminated  between  the  active  sites  of  two  electrodes 
(carbon-supported  Pt  black).  MEA  is  conventionally  assembled  by  a  hot 
pressing  process  conducted  at  140  °C  and  1200  psi  for  90  s.  During  this 
process,  the  electrode-membrane-electrode  laminate  is  heated  until  the 
glass  transition  temperature  of  the  membrane  is  reached.  We  used  two 
titanium  plates  with  fine  gas-passing  channels  with  their  inner  sides  to 
the  MEA  to  hold  the  MEA  as  a  single  cell.  Pure  hydrogen  was  the  fuel  and 
pure  oxygen  was  the  oxidant.  We  used  a  Hewlett-Packard  electronic  load 
(model  6050A)  and  a  Hewlett-Packard  multimeter  to  measure  the  single 
cell's  current  and  voltage,  respectively. 


3.  Results  and  Discussion 

3.1  Performance  of  a  Single  Cell 

3.1.1  Effect  of  Nafion  Membrane 

Figure  1  shows  the  polarization  curves  of  a  single-cell  PEMFC  with 
different  MEAs.  These  results  are  typical  of  hydrogen-oxygen  fuel  cells. 
The  initial  drop  of  the  potential-current  curve  is  due  to  an  electrochemical 
activation  process,  which  is  caused  by  the  sluggish  kinetics  of  oxygen 
reduction  at  the  cathode-electrode  surface.  The  linear  decrease  of  the 
potential-current  curves  with  increasing  load-current  density  is  due  to 
ohmic  polarization,  which  is  attributed  to  the  ion  flow  through  the  elec¬ 
trolyte  membrane  and  the  electron  flow  through  the  electrode  materials. 
These  results  demonstrate  that  the  current  density  is  significantly 
enhanced  when  the  membrane  thickness  is  decreased  from  7  mil  (Nafion 
117)  to  2  mil  (Nafion  112).  For  Nafion  membranes  112, 105, 115,  and  117, 
the  values  of  the  current  density  of  the  single  cell  at  0.72  V  are  about 
1.0,  0.6, 0.5,  and  0.4  A/ crrf,  respectively.  Apparently,  the  Nafion  112 
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membrane  offers  the  optimal  performance.  The  kinetic  parameters  can  be 
obtained  by  computer  simulation  with  the  following  empirical  equations: 


E,  =  E0-b  log  i  -  Ri  ,  (1) 

E0  -Er  +  b  log  i0  ,  (2) 

Ej  =  E0  —  b  log  i  -  Ri  -  i,„m  exp[m'J  ,  (3) 

hu  = *  _  U  (when  i  >  Q  ,  and  (4) 

im  =  0  (when  i  <  id)  .  (5) 


Here,  E,  and  i  are  the  measured  potential  and  current  experimentally,  Er  is 
the  reversible  potential  for  the  cell,  and  i0  and  b  are  the  exchange  current 
and  the  Tafel  slope  for  the  oxygen  reduction,  respectively.  R  represents 
the  dc  resistance,  such  as  the  resistance  of  the  polymer  membrane  and 
other  electrode  components,  that  causes  the  linear  variation  of  potential 
with  current  as  mentioned  above.  In  addition,  m  and  n  are  the  mass- 
transfer  parameters.  Here,  the  id  is  the  minimum  value  of  current  that 
causes  the  voltage  deviation  from  the  linearity  at  the  higher  current 
range.  The  value  can  be  obtained  from  the  experimental  curve  and  from 
the  calculated  curve  with  equation  (1).  Hence,  equation  (1)  can  be  used  to 
describe  the  electrochemical  process,  which  is  controlled  only  by  activa¬ 
tion  and  ohmic  processes,  while  equation  (3)  can  be  used  to  describe  the 
entire  electrochemical  process  including  activation,  ohmic,  and  mass- 
transfer  controls. 

For  the  conditions  of  Nafion  membranes  105, 112,  and  115,  there  is  no 
apparent  mass-transfer  process:  no  deviation  from  linearity  was  observed 
at  the  high-current  range  on  these  curves.  However,  when  Nafion  117  was 
used  as  the  membrane,  the  curve  was  bent  down  slightly  at  the  high 
current-density  range.  Apparently,  this  bend  signals  the  existence  of  a 
mass-transfer  process.  In  figure  1,  the  points  were  obtained  from  experi¬ 
ments  and  the  lines  were  simulated  from  equation  (1)  (for  Nafions  105, 
112,  and  115)  or  from  equation  (3)  (for  Nafion  117).  The  single  cell's 
kinetic  and  mass-transfer  parameters  for  different  Nafion  membranes  are 
shown  in  table  1.  The  E0  value  shows  no  significant  change  for  different 
Nafion  membranes.  It  is  interesting  that  the  b  and  R  values  decrease  in  the 
order  of  Nafions  117, 115, 105,  and  112.  The  power-current  curves  are  also 
shown  in  figure  1.  A  peak  power  is  observed  at  about  0.9  A/ cm2  on  the 
power-current  curve  for  Nafion  117.  For  other  Nafion  membranes,  no 
peak  power  is  observed.  The  simulated  curves  can  be  used  to  predict  the 
single  cell's  performance  beyond  the  experimental  points.  For  example,  at 
1.2  A/cm2,  the  power  densities  for  Nafions  112, 105, 115,  and  117  are 
estimated  at  0.82,  0.68, 0.61,  and  0.23  W/cm2,  respectively. 
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Table  1.  Electrode 
kinetic  and  mass- 
transfer  parameters 
calculated  from 
polarization  curves 
for  single  PEMFC 
with  different  Nafion 
electrolyte 
membranes  at  50  °C 


Nafion 

No. 

Eo(V) 

b  (mV/dec) 

R  (£Tcm2) 

m  (Q-cm2) 

n  (cm2/A) 

id  (A-cm-2) 

112 

0.99 

56.0 

0.11 

— 

— 

— 

105 

1.00 

58.0 

0.21 

— 

— 

— 

115 

1.01 

62.0 

0.26 

— 

— 

— 

117 

1.02 

68.0 

0.33 

0.18 

0.15 

0.65 

Figure  1.  Polarization 
curves  of  single  cell 
with  various  MEAs. 
Points  are 
experimental  data 
and  lines  are  from 
simulation  with  an 
empirical  equation. 
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115 
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117 
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115 
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105 
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3.1.2  Effect  of  Temperature 

Because  of  its  optimal  performance,  the  Nafion  112  membrane  was 
selected  for  further  study  in  the  temperature  experiment.  Figure  2  shows 
the  potential-current  and  power-current  curves  for  the  Nafion  112  mem¬ 
brane  as  an  MEA  at  various  temperatures.  Usually,  a  single  cell  has  good 
heat  exchange  performance  with  the  environment.  Therefore,  the  inner 
temperature  and  the  environmental  temperature  can  be  considered  the 
same  for  the  single  cell  (this  is  not  the  case  for  the  stack).  The  single  cell's 
potential  increases  with  temperature  from  24  to  50  °C,  as  does  the  power 
for  the  same  current  density  condition.  At  higher  temperatures  the  ionic 
conductivity  of  the  Nafion  membrane  is  enhanced  and  the  rate  of  the 
electrode  reactions  is  faster  at  both  electrodes.  It  seems  that  higher  tem¬ 
peratures  would  be  better  for  the  operation  of  a  single  cell.  However, 
further  temperature  increases  would  cause  dehydration  of  the  membrane, 
resulting  in  reduced  conductivity  and  inferior  cell  performance.  The 
simulated  curves  in  figure  2  show  that  the  cell  voltage  at  a  current  density 
of  1.4  A/cm2  is  0.51,  0.60,  and  0.66  V  at  24, 40,  and  50  °C,  respectively.  The 
power  at  the  same  current  density  is  0.72,  0.84,  and  0.92  W/ cm2.  The 
electrode-kinetic  parameters  for  the  single  cell  using  Nafion  112  as  the 
membrane  at  different  temperatures  are  summarized  in  table  2.  The 
parameters  of  b  and  E0  seem  to  show  no  significant  difference.  However, 
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Figure  2. 
Electrochemical 
performance  of 
Nafion  112  MEAs  at 
various  temperatures. 
Points  are 
experimental  data 
and  lines  are  from 
simulation  with  an 
empirical  equation. 
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Table  2.  Electrode 
kinetic  parameters 
calculated  from 
polarization  curves  for 
single  PEMFC  with 
Nafion  112  as 


Temperature 

(°C) 

E0(V) 

R  (Q-cm2) 

b  (mV /dec) 

24 

1.01 

0.23 

56.0 

40 

1.00 

0.16 

56.0 

50 

0.99 

0.11 

56.0 

electrolyte  membrane 
at  different 


temperatures. 


R  gets  smaller  with  an  increase  of  temperature  because  the  ionic 
conductance  of  the  membrane  electrolyte  is  improved  at  the  elevated 
temperatures. 


3.2  Performance  of  PEMFC  Stack 


3.2.1  General  polarization  curves 

Figure  3  shows  the  potential-current  and  power-current  curves  of  a  30-cell 
100-W  PEMFC  stack  at  room  temperature  (about  20  °C)  and  room  humid¬ 
ity  conditions  (about  70%  RH).  The  shape  of  both  curves  is  not  much 
different  from  those  of  the  single  cell,  except  for  the  much  higher  open- 
circuit  potential  (about  30  times  that  of  the  single  cell)  and  much  higher 
power  output.  The  points  on  the  curves  were  obtained  from  the  experi¬ 
ment,  and  the  lines  were  obtained  from  the  simulation  with  equation  (1). 
Up  to  a  current  of  7  A,  there  is  no  apparent  curving  down  as  observed  on 
the  potential-current  curve,  and  the  data  fit  with  equation  (1)  is  good.  The 
electrode  process  is  of  activation  and  ohmic  control  within  this  current 
range.  Because  the  stack  is  made  up  of  30  cells,  heat  equilibrium  inside 
the  stack  is  hard  to  reach.  Therefore,  the  temperature  gradient  across  the 
interior  of  the  stack  to  the  environment  is  significant  and  is  also  time- 
dependent.  This  feature  makes  the  evaluation  of  the  PEMFC  stack  more 
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difficult  than  that  of  a  single  cell.  Also,  because  heat  produced  at  the  inner 
stack  cannot  dissipate  quickly,  the  inside  and  outside  temperature  of  the 
stack  may  vary  up  to  more  than  26  °C,  depending  on  different  experimen¬ 
tal  conditions.  At  a  current  of  7  A,  the  voltage  and  power  of  the  stack  are 
19.8  V  and  140  W,  respectively.  From  the  simulated  curves,  one  can  see 
that  if  the  current  is  extended  to  10  A,  the  voltage  and  power  will  be 
18.3  V  and  183  W,  respectively.  The  electrode  kinetic  parameters  are  also 
obtained  from  the  simulation,  and  these  are  shown  in  the  last  row  in 
table  3.  Here,  the  value  of  E0,  b,  or  R  should  be  the  sum  of  the  values  of 
all  the  single  cells:  i.e.,  30  times  that  of  the  average  of  a  single  cell.  There¬ 
fore,  for  each  single  cell  the  average  values  of  E0,  b,  and  R  are  1.07  V, 

83  mV/dec,  and  0.013  Q,  respectively.  Surprisingly,  with  the  designed 
30-cell  100-W  PEMFC  stack,  we  obtained  more  than  140  W  at  a  current  of 
7  A.  The  optimal  performance  of  the  stack  can  even  reach  180  W  at  10  A. 
These  results  demonstrate  that  the  PEMFC  stack  offers  more  advantages 
than  does  a  single  cell. 

3.2.2  Effect  of  Humidity 

Although  the  30-cell  PEMFC  stack  is  designed  with  a  self-humidifying 
function,  we  still  evaluated  the  effect  of  relative  humidity  (%  RH)  on  the 
stack's  performance.  We  placed  the  PEMFC  stack  into  a  Tenney  environ¬ 
ment  chamber,  where  the  temperature  and  humidity  were  controlled. 

Figure  3.  Polarization  35.0 

behavior  of  30-cell 
100-W  PEMFC  stack  at  30.0 

room  temperature 
(about  20  °C)  and  ^25.0 

room  humidity  (about  ^ 

70%  RH)  conditions.  g5  2  0 . 0 
Points  are  ^5 

experimental  data  and  ^15.0 
lines  are  from  g 

simulation  with  an  co  10.0 
empirical  equation. 

5.0 
0.0 

0.0  2.0  4.0  6.0  8.0  10.0 
Current  (A) 

%  RH _ E0  (V)  b  (mV/dec)  R(Q)  m  (Q)  ft  (A"1)  U  (A) 

90  3L5  1900  037  031  015  4.54 

10  31.0  1900  0.39  0.36  0.15  4.04 

Room  RH7  32.2  2500  0.39  —  —  — 

"Room  relative  humidity:  about  70%  RH  at  room  temperature  (about  20  °C). 


Table  3.  Electrode 
kinetic  and  mass- 
transfer  parameters  for 
30-cell  100-W  PEMFC 
stack  at  different 
humidity  levels. 
Temperature  is 
constant  at  30  °C. 
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Figure  4  shows  the  potential-current  and  power-current  curves  for  the 
PEMFC  stack  with  different  humidity  levels  at  a  constant  temperature  of 
30  °C.  The  relative  humidity  varies  on  the  order  of  10, 30,  50, 70,  and  90% 
RH  (for  clarity,  only  10  and  90%  RH  are  included  in  fig.  4).  As  expected, 
the  potential-current  and  power-current  curves  from  10  to  90%  RH  are 
only  slightly  different.  Here,  the  self-humidifying  function  plays  an 
important  role.  In  figure  4,  the  potential-current  curves  bend  down 
slightly  at  the  higher  current  range.  This  indicates  a  mass-transfer  proc¬ 
ess.  Therefore,  an  excellent  experimental  data  fit  was  obtained  with 
equation  (3).  The  simulated  curves  are  lines  shown  in  figure  4.  Peak 
power  is  displayed  on  the  power-current  curves.  The  values  of  peak 
power  at  10  and  90%  RH  are  146.0  W  at  9.0  A  and  167.4  W  at  10.1  A, 
respectively.  We  obtained  the  kinetic  and  mass-transfer  parameters  from 
simulation,  and  these  are  shown  in  table  3.  For  the  humidity  change  from 
10  to  90%  RH,  the  parameters  of  E0/  b,  and  R  change  only  slightly.  Here, 
the  n  value  describes  the  degree  of  curvature  on  the  potential-current 
curve  at  a  higher  current  range.  Under  both  conditions  (10  and  90%  RH), 
the  n  value  is  very  small,  about  0.15.  The  /,/  value  is  larger  and  the  m  value 
is  smaller  at  90%  RH  than  at  10%  RH.  Apparently,  the  stack  performance 
at  a  higher  humidity  is  less  affected  by  the  mass-transfer  process. 


The  self-humidifying  function  in  the  PEMFC  stack  is  less  efficient  with 
lower  temperatures.  We  tested  this  assumption  by  keeping  the  tempera¬ 
ture  at  10  °C  while  varying  the  humidity.  Each  of  the  humidity  experi¬ 
ments  was  separated  by  more  than  6  hr,  because  self-heating  occurred 
after  each  measurement,  and  this  heating  may  have  changed  the  tempera¬ 
ture  of  the  stack  and  caused  poor  reproducibility.  Figure  5  shows  the 
experimental  potential-current  and  power-current  curves  for  the  PEMFC 
stack  at  different  humidity  levels  and  a  constant  temperature  of  10  °C.  As 
expected,  the  stack  voltage  on  the  potential-current  curves  decreases 
significantly  with  decreasing  humidity.  For  example,  at  25%  RH  the 
PEMFC  stack  cannot  work  properly:  the  open  voltage  decreases  to  only 
18.6  V,  the  potential  drops  rapidly  to  0  V,  and  the  stack  is  out  of  power. 


Figure  4.  Effect  of 
relative  humidity  on 
operating  potential 
and  power  for  30-cell 
100-W  PEMFC  stack 
at  constant 
temperature  of  30  °C 
Points  are 

experimental  data  and 
lines  are  from 
simulation  with  an 
empirical  equation. 
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Figure  5.  Effect  of 
relative  humidity  on 
potential  and  power 
for  30-cell  100-W 
PEMFC  stack  at 
constant  temperature 
of  10  °C. 


0.0 


; 

i  I 

\  y^i 

i  ! 

0.0 


2.0 


zs 

4.0  6.0 

Current  (A) 


o 

Q. 

u 

co 

-4— ' 

C/D 


J  0.0 


10.0 


%  RH 

m 

80 

(V) 

□ 

60 

(V) 

• 

35 

(V) 

o 

25 

(V) 

A 

80 

(W) 

A 

60 

(W) 

- 

35 

(W) 

X 

25 

(W) 

Two  humidity  levels,  35  and  80%  RH,  were  selected  for  electrode  kinetic 
analysis.  Figure  6  shows  the  simulation  of  potential-current  and  power- 
current  curves  at  humidity  levels  of  35  and  80%.  At  a  current  lower  than 
6.5  A,  the  calculated  curves  and  experimental  data  fit  excellently  for  the 
80%  RH  level.  However,  because  self-heating  occurred  during  the  meas¬ 
urement  and  increased  the  stack's  inner  temperature,  the  calculated  data 
do  not  agree  with  the  experimental  results  when  the  current  is  greater 
than  6.5  A  at  10  °C.  For  humidity  levels  of  80  and  35%  RH,  the  values  of 
peak  power  are  143.7  W  at  9.9  A  and  32.1  W  at  1.85  A,  respectively.  The 
kinetic  and  mass-transfer  parameters  are  obtained  for  different  humidity 
levels  at  10  °C  and  are  shown  in  table  4.  The  R  value  at  35%  RH  is  much 
greater  than  at  80%  RH.  Apparently,  the  low  humidity  causes  the  stack 
resistance  to  increase  significantly  at  the  low  temperature.  The  n  value  is 
much  greater,  the  value  is  smaller,  and  the  m  value  is  greater  at  35%  RH 
than  at  80%  RH.  These  data  indicate  a  poor  mass-transfer  process  for  low- 
humidity  conditions  at  10  °C.  Why  is  the  effect  of  humidity  on  the  stack's 
performance  more  apparent  at  10  °C  than  at  30  °C?  Because  it  is  more 
difficult  for  the  accumulated  H20  to  evaporate  at  lower  temperatures.  At 
temperatures  below  10  °C,  the  air  blown  through  the  stack's  chamber  is 
hardly  self-wetting  and,  as  a  result,  the  stack  loses  its  self-humidifying 
function. 


3.2.3  Effect  of  Temperature 

Figure  7  shows  the  effect  of  temperature  on  the  PEMFC  stack's  perform¬ 
ance.  To  obtain  reproducible  results,  we  conducted  each  temperature 
experiment  after  the  temperature  was  equilibrated  for  at  least  6  hr.  The 
initial  rapid  voltage  drop  in  the  very  low  current  range  on  the  potential- 
current  curve  stems  from  an  electrode  activation  process,  while  the 
middle  portion  of  the  curve  is  controlled  by  an  ohmic  process.  A  slight 
mass-transfer  behavior  in  these  curves  is  observed  in  the  higher  current 
range.  With  an  increase  in  current,  the  potential-current  curves  drop  but 
the  power-current  curves  rise.  The  highest  power  (about  165  W)  is 
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Figure  6.  Effect  of 
relative  humidity  on 
potential  and  power 
for  30-cell  100-W 
PEMFC  stack  at 
constant  temperature 
of  10  °C.  Points  are 
experimental  data 
and  lines  are  from 
simulation  with  an 
empirical  equation. 


Table  4.  Electrode 
kinetic  and  mass- 
transfer  parameters 
for  30-cell  100-W 
PEMFC  stack  at 
different  humidity 
levels.  Temperature 
is  constant  at  10  °C. 

Figure  7.  Effect  of 
temperature  on 
potential  and  power 
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PEMFC  stack  at 
constant  80%  RH. 
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obtained  at  about  9  A  for  a  temperature  of  15  or  25  °C.  However,  at  low 
temperatures  the  potential-current  and  power-current  curves  are  not 
smooth  because  the  temperature  of  the  inner  stack  fluctuated  as  the 
current  passed  through  it.  Especially  at  5  °C,  the  inner  stack  warmed  up 
significantly  during  the  operation,  causing  the  inner  temperature  to  rise 
far  above  5  °C.  Therefore,  the  potential-current  and  power-current  curves 
rise  again  significantly  when  the  current  is  more  than  about  2.5  A.  This 
phenomenon  is  attributed  to  the  formation  of  a  new  heat-exchange 
balance  system  between  the  stack  and  the  environment  at  the  higher 
current  range. 


9 


We  completed  the  analysis  of  the  electrode  kinetic  process  by  computer 
simulation.  Figure  8  shows  the  simulated  potential-current  and  power- 
current  curves  obtained  from  equation  (3)  at  different  temperatures.  The 
lines  and  points  in  the  figure  represent  the  simulated  curves  and  experi¬ 
mental  data,  respectively.  For  a  temperature  of  25  °C,  all  experimental 
points  fit  excellently.  However,  at  5  °C,  only  the  initial  part  of  the  experi¬ 
mental  data  (current  less  than  2.5  A)  shows  a  good  fit.  Peak  power  is 
displayed  on  these  power-current  curves.  For  temperatures  of  25  and 
5  °C,  the  values  of  peak  power  are  171.4  W  at  10.6  A  and  35.7  W  at  1.95  A, 
respectively  The  kinetic  and  mass-transfer  parameters  at  different  tem¬ 
peratures  are  shown  in  table  5.  At  lower  temperatures,  the  R  value  is 
significantly  larger,  which  reflects  the  decrease  of  ionic  conductivity  of  the 
Nafion  membrane.  The  id  value  is  much  smaller  and  the  n  value  is  much 
larger  at  5  °C  than  at  25  °C.  These  results  imply  that  a  poorer  mass- 
transfer  process  occurs  at  the  lower  temperature  (5  °C). 


3.2A  Performance  for  Long-Term  Operation 

We  evaluated  the  performance  of  the  PEMFC  for  long-term  operation. 
Figure  9  shows  the  plot  of  voltage  versus  time  for  the  PEMFC  stack  at  a 
constant  current  (7.0  A)  discharge  for  6  hr.  For  the  first  4  hr,  the  voltage 
fluctuates.  However,  after  4  hr,  the  voltage  remains  constant  at  about  20  V. 
Because  of  many  factors,  such  as  electrode  activation,  heat  exchange, 
mass-transfer,  and  humidifying,  more  time  is  required  to  reach  the 


Figure  8.  Effect  of 
temperature  on 
potential  and  power 
for  30-cell  100-W 
PEMFC  stack  at 
constant  80%  RH. 
Points  are 

experimental  data  and 
lines  are  from 
simulation  with  an 
empirical  equation. 
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equilibrium  within  the  30-cell  PEMFC  stack,  and  the  optimal  performance 
is  obtained  only  after  several  hours  of  operation.  Figure  10  shows  a 
constant  power  (100-W)  discharge  performance  for  the  PEMFC  stack  for 
10  hr.  After  operating  for  about  3  hr,  the  system  seems  to  become  constant 
and  the  plot  of  voltage  versus  time  is  smooth.  The  two  experiments 
described  above  demonstrate  that  the  30-cell  PEMFC  stack  can  work 
continuously  for  a  long  time.  During  long-term  operation,  much  water 
was  produced,  which  was  continuously  collected  in  the  stack's  chamber 
and  removed  for  analysis.  Figure  11  shows  the  water  production  during 
constant  power  discharge.  Only  about  66%  theoretical  water  was  col¬ 
lected.  The  rest  of  the  water  (34%)  might  be  lost  by  evaporation  and 
blown  into  the  environment  by  the  cooling  and  oxidant  fans.  The  water 
blown  out  by  the  fans  plays  an  important  role  in  humidifying  the  PEMFC 
stack. 


Figure  9.  Constant 
current  discharge 
performance  of  30- 
cell  100-W  PEMFC 
stack.  At  beginning, 
current  was  increased 
gradually  then  kept 
constant. 
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Figure  10.  Constant 
power  discharge 
performance  of  30-cell 
100-W  PEMFC  stack. 
At  beginning,  power 
was  increased 
gradually  to  100  W, 
then  kept  constant. 
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Figure  11.  Water 
production  during 
constant  power 
discharge  for  30-cell 
100-W  PEMFC  stack. 
At  beginning,  power 
was  increased 
gradually,  then  kept 
constant. 
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4.  Conclusion 

The  Nafion  membrane  as  an  electrolyte  plays  an  important  role  in  the 
construction  of  a  PEMFC's  membrane  electrode  assembly  (MEA).  Various 
types  of  Nafion  membranes,  such  as  Nafion  117, 115, 112,  and  105,  were 
tested  with  a  single  cell  at  different  temperatures.  Nafion  112  gave  the 
optimal  result  (0.72  V  at  1.0  A/cm2).  A  30-cell  stack  (100  W)  was  evaluated 
at  different  humidity  levels  and  temperatures.  The  potential-current  and 
power-current  curves  for  both  the  single  cell  and  the  stack  were  analyzed 
by  computer  simulation,  and  the  kinetic  and  mass-transfer  parameters 
were  calculated.  The  values  of  open-circuit  potential,  Tafel  slope,  and  dc 
resistance  of  the  stack  (cells  linked  in  series)  seem  to  correspond  to  the 
simple  addition  of  the  values  of  all  single  cells.  However,  the  mass- 
transfer  behavior  is  more  complicated  for  the  stack  compared  with  that  of 
the  single  cell  because  of  the  presence  of  more  factors,  such  as  heat  ex¬ 
change,  humidity,  and  air  and  fuel  supply.  The  long-term  performance  of 
the  stack  and  the  production  of  water  during  long-term  operation  were 
also  measured.  The  stack  system  becomes  more  stable  and  reaches  opti¬ 
mal  performance  after  running  several  hours  under  constant  current  or 
constant  power.  The  optimal  performance  is  reached  at  about  170  W.  Only 
66  percent  of  the  theoretical  water  was  actually  collected  during  long¬ 
term  operation,  while  the  other  34  percent  of  water  was  lost  by  evapora¬ 
tion.  The  system  is  self-humidifying,  using  the  water  produced  by  the 
cathode  electrode.  Self-humidification  is  more  efficient  at  30  °C  than 
below  10  °C. 
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